An optical-optical double-resonance study of the Rydberg states of O-2. I. The ns and nd (gerade) states excited via singlerotational levels of the b (1)Sigma(+)(0g) valence state Citation for published version: Sheard, HA, Ridley, T, Lawley, KP & Donovan, RJ 2003, 'An optical-optical double-resonance study of the Rydberg states of O-2. I. The ns and nd (gerade) states excited via single-rotational levels of the b (1)Sigma(+)(0g) valence state'
I. INTRODUCTION
The Rydberg states of O 2 have been studied by a variety of techniques. The 3s C 3 ⌸ g and 3s d 1 ⌸ 1g Rydberg states have been investigated using ͑2ϩ1͒ resonance-enhanced multiphoton ionization ͑REMPI͒, primarily from the X 3 ⌺ g Ϫ ground state, [1] [2] [3] [4] [5] although the a 1 ⌬ 2g state ͑generated using a microwave discharge͒ has been used in later studies. 4, 6 The 3s C 3 ⌸ g state, which lies at lower energy than the 3s d 1 ⌸ 1g state, is a typical triplet state, having ⍀ components 0, 1, and 2 in order of increasing energy. Although all three ⍀ components were observed via ͑2ϩ1͒ REMPI from the triplet X 3 ⌺ g Ϫ ground state, only vϭ2 of the ⍀ϭ1 component was observed from the singlet a 1 ⌬ 2g state due to spin-orbit interaction ͑ϳ98% 3 ⌸ 1g , 2% 1 ⌸ 1g ) with the twophoton allowed 3s d 1 ⌸ 1g state. The observed spectra show rich rotational structure that can only be partially resolved due to the relatively large linewidths produced by predissociation.
Some vibrational levels of nϭ4 and 5 of the ns Rydberg series have previously been observed using ͑2ϩ1͒ REMPI from the ground state. 7, 8 However, analysis of these spectra proved difficult partly because of the spectral congestion which arises from the number of J levels that are populated in the ground state, even in a molecular beam, and partly because of the large number of strong electronic transitions that are observed from the ground state. All of the previous experimental studies on the ns states have been reviewed in detail by Morrill et al. 9 They observed that the splittings between the four ⍀ components of the ns states indicate a transition from (⌳,S) coupling to ͑⍀,͒ coupling as n increases from 3 to 5 ͑see Sec. III below for further discus-sion͒.
The nd Rydberg states have also been widely investigated using ͑2ϩ1͒ REMPI, from both the X 3 ⌺ g Ϫ and a 1 ⌬ 2g states, and the results reviewed by Morrill. 10 It was concluded by Pratt et al. 11 that, like the ns states, the nd states undergo a transition from (⌳,S) coupling to ͑⍀,͒ coupling as n increases. In previous publications, [12] [13] [14] we have reported the use of optical-optical double-resonance with REMPI ͑OODR/ REMPI͒ to study the vϭ0, 1, and 3 levels of the 3s d 1 ⌸ 1g state excited via single rotational levels of the b 1 ⌺ 0g ϩ valence state. When Jϭ0 of the b 1 ⌺ 0g ϩ state is pumped, a maximum of two J levels can be excited in each vibronic state via a two-photon transition. Thus the spectra are greatly simplified. In the present work, this OODR/REMPI excitation scheme is used to study higher-energy ns states with n ϭ4 -9 and also several nd states with nϭ3 -8. In a companion paper, 15 the same technique is used to study some np and nf states via three-photon transitions from the b 1 ⌺ 0g ϩ state.
II. EXPERIMENT
The laser arrangement was comprised of two pulsed and independently tunable dye lasers ͑a Lambda Physik FL3002 and a Lambda Physik FL2002͒ pumped by a XeCl excimer laser ͑a Lambda Physik EMG201MSC͒. The fundamental output of R700 was used to pump the ͑0,0͒ band of the b ←X transition around 760 nm. The frequency-doubled outputs of C102, C307, and C153 were used to generate the 235-285 nm probe photons. The wavelength of the probe laser was calibrated by simultaneously recording the neon optogalvanic spectrum to give an estimated accuracy in the two-photon energy of Ϯ0.5 cm Ϫ1 . In addition, there may be a small degree of power broadening of the peaks which will increase the error in the transition energy measurements. Also, some of the lines, e.g., those of the 4s states, have linewidths of around 5 cm Ϫ1 , resulting in a further increase in the error limits. Thus it is estimated that the experimental values quoted are accurate to Ϯ1 cm Ϫ1 ; except for those of the 4s states which are only accurate to Ϯ2-3 cm Ϫ1 . a͒ Author to whom correspondence should be addressed. Fax: ϩ44-131-6506453. Electronic mail: tr01@holyrood.ed.ac.uk
The counterpropagating pump and probe laser beams were focused to overlapping points in a differentially pumped ionization chamber using lenses of focal length 6 cm and intersected, at 90°, a pulsed molecular beam generated using a backing pressure of 600 torr of O 2 . The resulting ions were ejected into a linear time-of-flight mass spectrometer, and the ion current from the microchannel plate detector was processed by a boxcar integrator and stored on a PC.
III. RESULTS AND DISCUSSION

A. Spectroscopic notation for the Rydberg states of O 2
Molecular Rydberg states can be described by both (⌳,S) and ͑⍀,͒ coupling schemes. The former has been shown to be most appropriate for the low-n Rydberg states of O 2 , while the latter becomes more appropriate as n increases.
In (⌳,S), Hund's case ͑a͒ coupling, ⌳, ⌺, S, and ⍀ are all good quantum numbers. If the spin-orbit interaction is neglected, the energy differences between Ryd components of each nl cluster are determined primarily by core-Rydberg Coulomb and exchange terms. For low-lying states, the (⌳,S) coupling is appropriate since the spin-orbit coupling constant A c governing for the splitting between the X 2 ⌸ 3/2g and X 2 ⌸ 1/2g states of the ion core is much less than the exchange energy K(1 g :n Ry ). A much smaller contribution to the spin-orbit energy comes from the Rydberg electron.
The energy splittings due to the Coulomb and exchange interactions decrease as n Ϫ3 , while the spin-orbit coupling in the core remains effectively constant. Thus, in the limit of high n, the spin-orbit interaction completely mixes those Hund's case ͑a͒ basis states that involve linear combinations of the core spin-orbitals ͓ g ϩ ͔ c and ͓ g Ϫ ͔ c associated with the two core spin-orbit states X 2 ⌸ 3/2 and X 2 ⌸ 1/2 , so that ⍀ c becomes a good quantum number. ⍀ is of course conserved during the mixing, though S is not, and the new coupling can be described as Hund's case ͑c͒. However, there are two additional quantum numbers that are good in the limit A c ӷK, before the spin of the electron recouples to J at very high n. These are ⍀ c , already discussed, and Ry (ϭ͉ Ry ϩm s,Ry ͉) so that ⍀ϭ⍀ c ϩ Ry . This is ͑⍀,͒ coupling and the basis states that can be constructed from all possible combinations of ⍀ c , Ry , and m s,Ry with Ry ranging from 0 to 3 are listed in Table I . There is one unpaired electron in the core and one Rydberg electron, and if m s,c ϩm s,Ry ϭ0, then these states are linear combinations of equal weights of singlet-and triplet-spin states, denoted by 1ϩ3 ⌳.
B. OODR technique
In the present paper an OODR scheme is used in which the low-lying b 1 ⌺ 0g ϩ state is used as intermediate state through rotationally selective optical pumping from the X 3 ⌺ g Ϫ ground state. The b 1 ⌺ 0g ϩ state is then probed to find coherent two-photon transitions to gerade Rydberg states, from which a further probe photon can ionize the molecule, i.e.,
We designate this excitation-ionization scheme "1ϩ͓͑2Ј͒ϩ1Ј͔…, where the prime refers to a probe photon and the inner parentheses emphasize the coherent two-photon nature of the Rydberg←b transition. In a companion paper, OODR schemes in which coherent three-photon transitions from the b 1 ⌺ 0g ϩ state are applied-i.e., "1ϩ͓͑3Ј͒ϩ1Ј͔… when three probe photons are used and "1ϩ͓͑2Јϩ1͒ϩ1Ј͔… when two probe and one pump photons are used.
One of the major advantages of the OODR technique is that, due to the simplified nature of the resulting spectra, underlying states or structure that would normally be obscured by dense rotational structure become observable. A good illustration of this effect is shown in Fig. 1 . Figure 1͑a͒ shows the ͑2ϩ1͒ REMPI spectrum in the region of vϭ1 of the 3d Rydberg states excited from the ground state and is similar to the spectrum of the vϭ0 states recorded by Glab et al. 16 Figure 1͑b͒ shows the same energy region excited by 1ϩ͓͑2Ј͒ϩ1Ј͔ OODR/REMPI, via Jϭ0, vϭ0 of the b 1 ⌺ 0g ϩ TABLE I. Microconfigurations of the nl 2 ⌸ g Rydberg states with Ry ϭ0 -3 and their correlations with the ͑⍀,͒ and (⌳,S) coupling descriptions. In the micrconfigurations, ϵ c ϭϩ1 and គ ϵ c ϭϪ1 and the Ϯ superscripts indicate m s ϭϮ1/2 of the ionic core and Rydberg electron. The overall parity of the states is that of the Rydberg orbital selected, since the 2 ⌸ core is gerade.
valence state. At most, two rotational lines in each of the electronic states are observed in the OODR spectrum. This contrasts with the many rotational lines seen in each of the eight 3d states observed in the spectrum in Fig. 1͑a͒ . Thus it was possible to observe weaker structure, identified as v ϭ2 of the 4s 1 ⌸ 1g and 4s 3 ⌸ 1g states, which is obscured by the overlapping dense rotational structure of the 3d states in the ͑2ϩ1͒ REMPI spectrum ͓Fig. 1͑a͔͒. One further advantage of the OODR technique is that when a single rotational level is pumped at the intermediate stage, the observed lines can be unambiguously identified, their positions accurately measured, and their intensities obtained. This approach has already been used to study the 3s d 1 ⌸ 1g state [12] [13] [14] and is used here to investigate the 5s states.
OODR can also help in the measurement of rotational linewidths, particularly of predissociated levels. There are two factors that make it difficult to accurately measure the widths of lines in conventional spectra that are significantly broadened by predissociation. First, there is the problem of the increased overlap of lines which means that it is not always possible to identify single rotational lines that are overlapped by others. The OODR technique effectively circumvents this problem. It does little, however, to alleviate the second problem: namely, that higher laser powers are usually required to ionize predissociated states, and hence the lines are weaker and there is an increased chance of power broadening.
One of the advantages of OODR also gives rise to one of its disadvantages. Since, at most, only five rotational lines in any upper state can be excited in two-photon transitions from a single-rotational level of the lower state, only information on those five levels can be obtained in a single spectrum. With the exception of the rotational analysis of some 5s states, in which various single-rotational levels in the b 1 ⌺ 0g ϩ state were pumped in turn, only Jϭ0 of the b 1 ⌺ 0g ϩ was used in the present experiments. The choice of Jϭ0 in the lower state, while simplifying the spectra even more ͑at most, only two rotational lines in any upper state can be excited in twophoton transitions͒, also further limits the amount of information, e.g., concerning J-dependent coupling, which can be gained about each of the upper states. Thus care must be taken not to draw conclusions about an entire excited state on the basis of observations of the characteristics of one or two rotational levels.
C. General overview of the OODRÕREMPI spectrum
The spectra shown in Fig. 1 give a very good illustration of the different oscillator strengths for transitions from the X 3 ⌺ g Ϫ and b 1 ⌺ 0g ϩ states to the Rydberg states. A similar comparison of the oscillator strengths for transitions from the X 3 ⌺ g Ϫ and a 1 ⌬ 2g states is shown in Fig. 3 of Ogorzalek-Loo et al. 4 The observed intensities can be rationalized from a consideration of the spin of the states involved. In the b 1 ⌺ 0g ϩ state the spins of the two open-shell g electrons are strongly coupled to form a singlet state ͑as are the electrons in the a 1 ⌬ 2g state͒. Of the 24 nd Rydberg states ͑22 if splitting of the two 3 ⌸ 0g states into 3 
Ϫ , 1 ⌸ 1g (ϫ2), 1 ⌬ 2g , and 1 ⌽ 3g -are singlet states in (⌳,S) coupling. Thus, if spin is to be conserved, only two-photon transitions from b 1 ⌺ 0g ϩ to the 1 ⌺ 0g ϩ , 1 ⌸ 1g , and 1 ⌬ 2g states are allowed. However, while transitions to four states are seen in the spectrum in Fig. 1͑b͒ , only those to the 1 ⌺ 0g ϩ and 1 ⌬ 2g are expected in Hund's case ͑a͒ ͑the 1 ⌸ 1g states are not observed strongly͒. The other two weaker transitions, to the 3 ⌺ 0g
Ϫ and 3 ⌬ 2g states, are observed because spin-orbit coupling in the core mixes the 3 ⌺ 0g Ϫ / 1 ⌺ 0g ϩ and 3 ⌬ 2g / 1 ⌬ 2g states. Nevertheless, the spin eigenfunction of the mixed states can always be resolved into the singlet and triplet components, and the S ϭ0 component carries the oscillator strength in transitions from either the b 1 ⌺ 0g ϩ or a 1 ⌬ 2g states. Transitions to the 1 ⌽ 3g state, forbidden in the b 1 ⌺ 0g ϩ spectrum, are seen strongly in the a 1 ⌬ 2g state spectrum. 4, 17 The two 1 ⌸ 1g (3d g and 3d␦ g ) components are not seen strongly. It is possible, however, that the weak peak at 87 313 cm Ϫ1 in Fig. 1͑b͒ is due to one of the 1 ⌸ 1g components. Predissociation is one of several reasons why the two 3d 1 ⌸ 1g states are not observed, and this will be discussed briefly in Sec. III F.
As n increases, spin-orbit coupling in the core becomes dominant and in the limit of high n each pair of spin-orbit coupled components, 1.3 ⌳, are separated by the spin-orbit splitting of the ground state of the ion ͑200 cm Ϫ1 ͒. At this
The extent of the rotational envelope of each state is indicated by the dark lines. ͑b͒ ͑1ϩ͓͑2Ј͒ϩ1Ј͔͒ OODR/ REMPI spectrum recorded via vϭ0, Jϭ0 of the b 1 ⌺ 0g ϩ valence state. The single peaks in the two 4s states and the 3d 1,3 ⌬ 2g states are S branches, that in the 3d 3 ⌺ 0g Ϫ state is a Q branch, and the double peak in the 3d 1 ⌺ 0g ϩ state is comprised of a strong, off-scale Q branch and a weaker S branch. The weak unlabeled peak at 87 313 cm Ϫ1 may be due to one of the 3d 1 ⌸ 1g states.
limit both components are a 50/50 mixture of the singlet and triplet states defined in Hund's case ͑a͒ and spectra to these mixed states from any lower-energy state should have similar intensities. The ͑2ϩ1͒ REMPI spectrum of the 85 000-99 000 cm Ϫ1 energy region, i.e., up to and slightly above the first ionization energy ͑IE͒ of 97 348 cm Ϫ1 , 18 excited from the ground state has been reported previously. 4, 7, 11, 17, [19] [20] [21] [22] It was shown by Pratt et al. 11 that the spectrum of the nd series for nу5 becomes very simple. Only the higher-n members of the 3 ⌺ 0g
Ϫ / 1 ⌺ 0g ϩ coupled pair are observed. These levels can be clearly correlated with levels of a particular O 2 ϩ ion core state, and this seems to confirm that the Rydberg states become more accurately described by ͑⍀,͒ coupling as n increases. Higher members (nу5) of the nd 1,3 ⌬ g states are not observed.
An overview of the 85 000-99 000 cm Ϫ1 energy region recorded by OODR/REMPI via Jϭ0, vϭ0 of the b 1 ⌺ 0g ϩ state is shown in Fig. 2 . As the figure is a composite of ten spectra, none of which are power normalized, only a broad overview of the relative intensities of the peaks can be ob- tained. In particular, very strong transitions to some of the 3d and 4d states may be partially saturated.
The ns and nd states were identified mainly on the basis of their effective quantum number n*ϭ(nϪ␦), as calculated from the Rydberg equation,
where T(͓⍀ c ͔nl) is the term value of the electronic state origin, R is the Rydberg constant ͑10 9735.5 cm Ϫ1 ͒, ␦ is the quantum defect, and IE(⍀ c ) is the ionization energy of the spin-orbit component of the ion to which the Rydberg series converges. IEs of O 2 ϩ X 2 ⌸ 1/2g and X 2 ⌸ 3/2g of 97 348 cm Ϫ1 and 97 548 cm Ϫ1 , respectively, were used. 18, 23 ␦ was found to be 1.20Ϯ0.03 and Ϫ0.04Ϯ0.04 for the ns and nd states, respectively. These agree closely with the values of 1.20 Ϯ0.05 and 0.03Ϯ0.01 for the ns and nd states of atomic oxygen. The spectrum is dominated by nd states having n ϭ3 -8. The ns states with nϭ4, 5, 6, 7, and 9 are also observed, although only those where nϭ5 and 6 are indicated in Fig. 2 . The other ns states are too weak to be seen with the intensity scale used for Fig. 2 , but are shown in expanded form in Figs. 3-6 ͑see below͒. Several one-color, probe-only ͑2ϩ1͒ REMPI signals from the ground state of O 2 are also observed in Fig. 2 and are assigned to transitions to 3s and 3d states as shown. It is fortuitous that the range of probe laser energies, required to record the OODR/REMPI spectra reported here, lies in a window between these transitions.
D. nd states
The term values of the nd 3 ⌺ 0g Ϫ , 1 ⌺ 0g ϩ , 3 ⌬ 2g , and 1 ⌬ 2g states obtained from the spectra in Fig. 2 are presented in Table II . These, like all of the experimental term values presented here, are measured relative to the zero-point energy in the X 3 ⌺ g Ϫ ground state defined by Slanger and Cosby. 24 In each case, the values refer to the lowest possible rotational states (Jϭ⍀) and are accurate to approximately Ϯ1 cm Ϫ1 . Also shown are one set of literature values for those states which have been seen previously. 7, 11 There is some ambiguity about the 3d and 4d literature values referenced. 7 The authors claim that the values they presented correspond to the energy of the rotationless level of the state. However, from comparisons of these values with the results reported by the same group in an earlier paper 22 and with the present experimental values it appears that they probably refer to J ϭ⍀. Here 1.3 cm Ϫ1 has been added to the literature values in order to place them relative to the same value for zero in the X 3 ⌺ g Ϫ state that is used for the experimental values. The (5 -8)d literature values 11 refer to the strongest line in the spectrum. There are only two obvious discrepancies between the experimental and literature values. The present data show that the vϭ0 levels of the 6d 3 ⌺ 0g Ϫ / 1 ⌺ 0g ϩ pair of states are ϳ10 cm Ϫ1 higher than reported in the literature. 11 There are some observed lines remaining which cannot be assigned to transitions to the nd 1 ⌺ 0g ϩ , 1 ⌬ 2g , 3 ⌺ 0g Ϫ , 3 ⌬ 2g , or ns states. It is believed that some of these unassigned lines are due to transitions to na 1 ⌸ 1g states. However, the intensities of these lines, in any proposed vibrational progression, are very irregular and their assignments are much more speculative and will not be presented here. Fig. 2 . While these ns states should strictly be labeled according to the ͑⍀,͒ coupling scheme, the (⌳,S) coupling labels, appropriate for the 3s states, are retained for convenience.
E. ns states
On the basis of the calculated n* values, several vibrational levels of the ns states for nϭ4 -9 are identified. Previously, only vϭ0 -4 of the 4s cluster and vϭ0 -1 of the 5s cluster had been reported. 7, 9 In the present work, the 7s (vϭ0) and 8s (vϭ0,1) could still not be observed due to overlapping nd structure. The 4s states are very weak compared to the higher-ns states as a result of predissociation ͑predissociated states are generally more difficult to detect in ionization experiments͒. The lower component of the 4s (v ϭ0) pair is not observed as it is overlapped by one-color signals from the ground state.
It proved to be difficult to obtain reliable intensity measurements of the peaks in the spectra shown in Figs. 4 -6 , and it is estimated that the errors may be up to Ϯ30%. It is clear, however, that vϭ1 of the 5s 3 ⌸ 1g state is anomalously weak relative to vϭ0, 2, and 3, an observation for which we have no explanation.
The term values for the observed ns states, corresponding to Jϭ2, are presented in Table III . Several of these vibronic levels have previously been rotationally analyzed. 7, 9 The literature term values for the nonexistent Jϭ0 of these rotationally analyzed levels ͑as before, increased by 1.3 cm Ϫ1 in order to place them relative to the same value for zero in the X 3 ⌺ g Ϫ state that is used for the experimental values͒ are also shown in Table III , for comparison. The J ϭ2 to Jϭ0 separation should be ϳ10 cm Ϫ1 assuming a B value of 1.7 cm Ϫ1 and is consistent with the average separation for the four 5s (vϭ0) levels, for which a comparison can be made. Since the remaining literature values for other vibronic levels either have large uncertainties attached to them or correspond to unassigned rotational lines, they are also consistent with the present experimental values.
The 5s states will be considered in more detail. It can be seen in Fig. 4 that vϭ0 -3 of the 5s cluster consist of two closely spaced doublets separated by ϳ200 cm Ϫ1 , the ioncore splitting, the weaker partner in the doublets being to lower energy by ϳ9-12 cm Ϫ1 . Excitation of vϭ0 and 1 of the 5s states from the ground state has been reported by Yokelson et al. 7 They also observed four electronic states at each vibrational level which they assigned as the 3 ⌸ 0g ϩ, 3 ⌸ 1g , 3 ⌸ 2g , and 1 ⌸ 1g components, in ascending order of energy. In contrast to our spectra, the lower energy of the two states with a common ionic core carried the most intensity. This is a consequence of the predominantly triplet 3 ⌸ 0g ϩ and 3 ⌸ 2g states being excited by a favorable transition from the triplet ground state. The 3 ⌸ 1g and 1 ⌸ 1g components, as a result of spin-orbit coupling in the core, have mixed singlet and triplet character and hence are seen more weakly. In excitation from the singlet b 1 ⌺ 0g ϩ state, the reverse is true;
the mixed states are seen more strongly. Evidence for a similar coupling between the 3d 1 ⌽ 3g and 3d 3 ⌽ g states was derived from the ͑2ϩ1͒ REMPI spectra excited from the a 1 ⌬ 2g state. 17 Strong transitions were observed to the 1 ⌽ 3g and 3 ⌽ 3g components which are coupled by a spin-orbit interaction in the core. The two states are seen with similar intensities and are separated by the spin-orbit splitting in the ground state of the ion. In addition, two weak components 3 ⌽ 2g and 3 ⌽ 4g were observed ϳ4 cm Ϫ1 to low energy of the 1 ⌽ 3g and 3 ⌽ 3g components, respectively.
In both cases, it was proposed 7,17 that the rotational energy levels of the 3 ⌸ 1g and 1 ⌸ 1g and 3 ⌽ 2g and 3 ⌽ 3g states do not fit very well the usual expression TϩBJ(Jϩ1) and that a better fit could be achieved using the expression T ϩ␥JϩBJ(Jϩ1). It was further concluded that this was indicative of S uncoupling.
In the current experiments, by varying the pump wavelength, it was possible to rotationally analyze both vϭ0 and 1 of the 3 ⌸ 2g and 1 ⌸ 1g components of the 5s state. Different J levels of the intermediate state were pumped and the resulting rotational levels for both components can clearly be observed in the spectra shown in Figs. 7 and 8 . The unmarked peaks correspond to the ⍀ϭ1 state, peaks marked with asterisks correspond to the ⍀ϭ2 state, and peaks marked with daggers are unassigned.
The observed rotational-branch energies to vϭ0 and 1 of the 5s 3 ⌸ 2g and 5s 1 ⌸ 1g Rydberg states from b 1 ⌺ 0g ϩ (v ϭ0,J) are presented in Table IV . The term values for the J levels of these vibronic levels calculated from the transition energies are presented in Table V . In a previous paper, 13 the rotational levels of vϭ2 of the 3 ⌸ 1g state were observed ͑see Fig. 1 25 However, a fit which was not significantly poorer could also be achieved using the conventional expression TϩBJ(Jϩ1).
The B values obtained from this expression are also shown in Table VI . Thus, while the two states are clearly coupled by some mechanism in order for the 3 ⌸ 2g state to be seen at all, the present rotational analysis cannot confirm that it is by S uncoupling.
In previous ͑2ϩ1͒ REMPI studies on the 3d 1 ⌽ 3g and 3d 3 ⌽ g states, 17 the observed line strengths of the weaker 3 ⌽ 2g and 3 ⌽ 4g components both appear to be those of a ⌬⍀ϭ1 transition, i.e., ⍀Јϭ3 in particular, the 3 ⌽ 2g state has a strong P branch which is absent in a ⌬⍀ϭ0 transition. Furthermore, transitions to the Jϭ2 level in the Rydberg state are not observed. Both observations point to the conclusion that the 3 ⌽ 2g state carries no oscillator strength and is only seen because of its mixing with the 3 ⌽ 3g state as the spin uncouples. Furthermore, the line strengths have the Hönl-London factors of the component of the coupled state that carries the oscillator strength even if it is only a minor component. Thus the ⍀ value of the major contributor to the mixed state-i.e., ⍀ϭ2 in this example-does not define the observed Hönl-London factors.
The lines observed in the spectra shown in Figs. 7 and 8 exhibit similar intensity characteristics: As expected, the intensities of the rotational branches of the ⍀ϭ1 component from a single-J level in the intermediate state are similar to those observed for vϭ0 of the 3s d 1 ⌸ 1g state 13 and follow the expected pattern for a two-photon ⌬⍀ϭ1 transition. 26 The observed relative intensities of the rotational branches of the ⍀ϭ2 component are also essentially the same as those of the ⍀ϭ1 component.
Thus, overall, it appears that 5s 1 ⌸ 1g and 5s 3 ⌸ 1g states are mixed by spin-orbit coupling in the core, followed by further interactions with the 3 ⌸ 0g ϩ and 3 ⌸ 2g states. Two strong and two weak transitions are observed to the four states, all of which have the line strengths of a ⌬⍀ϭ1 transition. These doublets are seen in most of the higher-ns spectra shown in Figs. 4 -6. No unambiguous doubling of the 4s states can be identified in Fig. 3 as the signal-to-noise is much lower. The 4s 3 ⌸ 0g ϩ / 3 ⌸ 1g (vϭ1) doublet is anomalous, and it has been proposed that it may undergo a heterogeneous interaction with the close lying, sharp, 3d 3 ⌺ 0g Ϫ state. 7 The 4s 3 ⌸ 2g / 1 ⌸ 1g (vϭ4) doublet also appears to be involved in an interaction.
F. Predissociation of the ns states
The numerous REMPI studies of the 3s Rydberg states have been reviewed by Morrill et al. 9 The 3s C 3 ⌸ g and 3s d 1 ⌸ 1g states interact with several valence states. All of the interstate interactions have been modeled by Lewis et al. 27 using a coupled Schrödinger equation ͑CSE͒ approach to the problem. The results of the modeling predicted that interaction of the bound Rydberg states with the repulsive valence states would result in an oscillatory broadening of the rotational lines: e.g., predicted linewidths for Jϭ1 of vϭ1, 2, and 3 of the 3s C 3 ⌸ g state were 150, 1.5, and 77 cm Ϫ1 , respectively. Experimental linewidths of several vibrational levels of both the 3s C 3 ⌸ g and 3s d 1 ⌸ 1g have been reported. 1,3,5,28 -30 The calculated linewidths reproduce the trends in the experimental values well. The effect of these interactions on the linewidths of the higher-ns clusters has also been simulated by Morrill et al. 9 The predicted linewidths for vϭ0 -4 of the 4s 3 ⌸ 1g state vary between 3.5 and 6.5 cm Ϫ1 , while those of the 4s 1 ⌸ 1g state vary between 1.9 and 8.3 cm Ϫ1 . These values are consistent with those observed ͑ϳ6 cm Ϫ1 ͒ in the spectra in Fig.  3 , although the spectral quality was not high enough to observe any oscillation in the values vϭ1 of the 4s 3 ⌸ 1g state is anomalously sharp possibly because it interacts heterogeneously with the close lying 3d 3 ⌺ 0g
Ϫ state as discussed in a previous study. 7 It was predicted that the linewidths of vϭ0 and 1 of the 5s cluster should be less than 1 cm Ϫ1 . This is consistent with our observed values of ϳ2 cm Ϫ1 which probably includes a small amount of power broadening. Similar narrow linewidths are observed for the higher-ns states, and this explains the relative ease with which they are seen, especially compared to the 4s states.
The same dissociation path is also available to the nd 1 ⌸ 1g states and may, at least partially, explain why these have not been observed in two-photon spectra from the X 3 ⌺ g Ϫ and a 1 ⌬ 2g states. This is especially true of the 3d cluster, which is nearly isoenergetic with the heavily predissociated 4s cluster. From comparison with the higher-ns clusters, it might be expected that some of the highernd 1 ⌸ 1g states would be much less predissociated. It is believed that some of the unassigned lines, mentioned in Sec. III D above, are due to transitions to nd 1 ⌸ 1g states. Thus the irregular intensities could indicate a vibrationally dependent degree of predissociation as predicted, 9 for instance, for the 4s 3 ⌸ g state.
IV. CONCLUSIONS
Several ns (nϭ4 -9) and nd (nϭ3 -8) Rydberg states of O 2 have been observed using optical-optical double resonance with resonance-enhanced multiphoton ionization, excited via single-rotational levels of the b 1 ⌺ 0g ϩ valence state. Both ns and nd states show a transition from (⌳,S) coupling to ͑⍀,͒ coupling as n increases.
Transitions to all four components of an ns complex are observed as a result of the increased importance of spinorbit coupling in the core and possibly S-uncoupling interactions as n increases. Rotational line strengths show that the 3 ⌸ 2g ←←b 1 ⌺ 0g ϩ transition borrows intensity from the 1 ⌸ 1g ←←b 1 ⌺ 0g ϩ transition and that the rotational line strengths are determined by those of the state that carries the oscillator strength.
